ABSTRACT: Triplicate groups of fed and starved olive flounder, Paralichthys olivaceus (body weight: 119.8±17.46 g), were examined over 42 days for physiological changes using hematological, biochemical, and non-specific immune parameters. No significant differences in concentrations of blood hemoglobin and hematocrit and plasma levels of total cholesterol, aspartate aminotransferase, alanine aminotransferase, glucose, and cortisol were detected between fed and starved groups at any sampling time throughout the experiment. In contrast, plasma total protein concentrations were significantly lower in starved fish than in fed fish from day 7 onwards. Moreover, plasma lysozyme concentrations were significantly higher in starved flounder from day 21 onwards. This result confirms that the response of olive flounder to short-term (less than about 1.5 months) starvation consists of a readjustment of metabolism rather than the activation of an alarm-stress response. The present results indicate that starvation does not significantly compromise the health status of fish despite food limitation.
INTRODUCTION
The quality of farmed fish is becoming increasingly important within the aquaculture industry, and levels of feeding and starvation are crucial factors that determine product quality (Ogata et al., 2002; Park et al., 2006) . In Korea, temporal starvation occurs at farms of olive flounder, Paralichthys olivaceus, in response to natural environmental fluctuations. For example, fish are commonly starved under feeding restricted regimes to minimize fish mortality during undesirable environmental conditions such as red tides or cold-water masses in the summer Park et al., 2012) . These starvation periods may produce hormonal and biochemical changes. Accordingly, a better understanding of the effects of starvation on fish physiology and of the nutrient requirements for optimal growth performance is crucial for profitable fish farming (Chatzifotis et al., 2011) .
Different fish species tolerate starvation periods using distinct strategies of activating adaptive biochemical and physiological mechanisms that enable them to cope with the adverse condition (Bandeen and Leatherland, 1997; Barcellos et al., 2010; Caruso et al., 2012) . These tactics include endocrine changes such as modifications in plasma cortisol concentrations and metabolic changes such as varying the use of carbohydrates, lipids, and proteins from different body compartments in response to food deprivation. In many studies, cortisol concentrations were significantly higher in starved fish than in fed fish (Barcellos et al., 2010; Costas et al., 2011; Caruso et al., 2012) . However, some reports have documented decreased cortisol concentrations in starved fish (Barton et al., 1988; Small, 2005) , whereas others have found no consistent effects (Farbridge and Leatherland, 1992; Davis and Gaylord, 2011) . In terms of metabolic changes, some fish such as northern pike, Esox lucius, and golden perch, Macquaria ambigua, use lipids as a primary and early source of energy during starvation (Ince and Thorpe, 1976; Collins and Anderson, 1995) , whereas others such as red porgy, Pagrus pagrus, use muscle protein (Rueda et al., 1998) . Alternatively, species such as cod, Gadus morhua, and coho salmon, Oncorhynchus kisutch, partially deplete stored carbohydrates in the form of glycogen in the liver (Hemre et al., 1993; Larsen et al., 2001) .
In olive flounder, the effects of starvation on growth, phenotypic traits, blood chemistry, physicochemical characteristics of muscle, hepatocyte ultrastructure, the kidney melano-macrophage center, and respiratory exchange have been well studied (Hur et al., 2006a,b; Park et al., 2006 Park et al., ,2007 Cho, 2009; Park et al., 2012; Shim et al., 2012) . However, current knowledge of starvation effects, especially within the first 4 weeks of starvation, on some hormonal and immune responses such as changes in plasma cortisol and lysozymes is limited, thus hindering an integrated understanding of biochemical and immunological changes in olive flounder. We investigated the changes in the growth, hematological, biochemical, and non-specific immune parameters induced by starvation of olive flounder. In particular, blood hemoglobin and hematocrit and plasma levels of total protein, total cholesterol, aspartate aminotransferase (AST), alanine aminotransferase (ALT), glucose, cortisol, and lysozyme were measured and compared in starved and fed fish.
MATERIALS AND METHODS
Six-month-old olive flounder (n = 240, mean total length: 22.5±1.13 cm; mean body weight: 119.8±17.46 g) obtained from a private fish farm were used for the experiment. Fish were reared in 1.8-ton circular fiberglass reinforced plastic tanks (150-cm diameter×100-cm depth) at the aquaculture experimental facility of the National Fisheries Research and Development Institute, Busan, Korea. The fish were randomly distributed into six tanks (three tanks for each of two experimental groups, fed and starved) with 40 fish in each tank. The tanks were supplied with seawater (33.7±0.63 psu; filtered through sand, 0.5 to 1.0 mm in diameter) via a flow-through system. The water temperature was maintained at 19.9°C to 20.9°C (20.4±0.21°C). A diurnal light:dark cycle was provided by natural conditions and supplemented by fluorescent light during the daytime. All fish were hand-fed a commercial fish diet containing 52.0% crude protein and 11.0% crude lipid (Suhyup Feed, Uiryeong, Gyeongnam, Korea) to visual satiety twice a day (09:00 and 17:00 h) for 2 weeks prior to the start of the experiment. Throughout the experiment, the fed group received the commercial diet ad libitum, whereas nothing was provided to the starved group. Data on water temperature, salinity, and mortality were recorded daily.
The experiment consisted of eight samplings performed 0, 4, 7, 14, 21, 28, 35 , and 42 days after the onset of the experiment. The fed group was starved for 24 h before blood sampling. Blood samples were taken by means of a heparinized syringe from the caudal vein of five fish from each tank after being anesthetized with 2-phenoxy-ethanol (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 300 mg/L. Small volumes of blood were used for the immediate determination of hematocrit and hemoglobin values. The remaining blood was centrifuged at 3,500 g for 5 min, and the obtained plasma was stored at -75°C as separate aliquots for subsequent biochemical and immunological analysis. Hematocrit values (% red blood cells) were determined in heparinized capillary tubes after centrifugation in a standard microhematocrit centrifuge at 12,000 g for 5 min; the capillary tube was compared to a reference scale. The concentrations of blood hemoglobin and plasma levels of total protein, total cholesterol, AST, ALT, and glucose were analyzed using an automatic biochemistry analyzer (Fuji Dri-Chem 3500i; Fuji Photo Film, Tokyo, Japan). Plasma cortisol concentrations were measured using a chemiluminescence enzyme immunoassay with a commercial kit (Coat-A-Count; Siemens Medical Diagnostics, Los Angeles, CA, USA) and a Cobra II gamma counter (Hewlett Packard, Palo Alto, CA, USA). The intraand inter-assay variations in the precision coefficient ranges for cortisol were 3.0% to 5.1% and 4.0% to 6.4%, respectively. Plasma lysozyme concentrations were determined via turbidimetry as described by Parry et al. (1965) using 0.2 mg/mL lyophilized Micrococcus lysodekticus (Sigma-Aldrich, St. Louis, MO, USA) as the substrate in 0.05 M sodium phosphate buffer (pH 6.2). Plasma (100 μL) was added to 100 μL bacterial suspension, and the mixture was incubated at 37°C. Sample absorbance was measured at intervals of 0.5 and 4.5 min on a spectrophotometer at 550 nm. A lysozyme activity unit was defined as the amount of enzyme producing a decrease in absorbance of 0.001/min.
Data are shown as means±standard error of the triplicates in each experimental group. All data were compared using one-way analysis of variance, followed by Duncan's multiple range tests to determine significant differences between means. All statistical analyses were performed using SAS package version 9.13 (SAS Institute, Cary, NC, USA).
RESULTS
At the start of the experiment, the mean total length and body weight of the olive flounder were 22.5±1.13 cm and 119.8±17.46 g, respectively, in both experimental groups. At the end of the experiment (42 days later), the total length and body weight of the fed group were 26.9±1.47 cm and 215.8±39.66 g, respectively, while the values for the starved group were 22.8±1.24 cm and 105.6±15.85 g, respectively. Mortality was low, as only three fish died throughout the experiment, and no difference in survival was found between groups (data not shown).
The effects of starvation on hematological parameters are shown in Table 1 . Over the entire experiment, neither hematocrit nor hemoglobin significantly differed between the experimental groups at any sampling time (p>0.05), although hematocrit had significantly decreased in the fed fish on day 14 (16.4% of the initial value) and hemoglobin had significantly increased in the starved fish on days 7, 21, and 42 (19.6% to 27.1% of the initial value, p<0.05).
The effects of starvation on biochemical parameters are presented in Table 2 to 4. The concentrations of total protein after day 4 in the fed group (mean concentration of 4.49 g/dL) were statistically similar to the concentration (4.45 g/dL) observed on day 0 (p>0.05), whereas the values in the starved group decreased significantly as starvation time increased; concentrations fell from 4.37±0.060 g/dL on day 0 to 3.42±0.029 g/dL on day 7 and to 2.74±0.062 g/dL on day 42 (p<0.05; Table 2 ). As a result, total protein concentrations in the starved group were significantly lower than those in the fed group from day 7 onwards (p<0.01 or p<0.05). No variation in total cholesterol was observed in starved fish; values were maintained at a constant mean concentration of 276.1 mg/dL. In contrast, values in fed fish had significantly decreased on day 7 (19.1% of the initial value, p<0.05). However, total cholesterol did not significantly vary between two groups at any sampling time throughout the experiment (p>0.05).
The AST concentrations ranged from 9.2±0.62 to 20.2±2.62 IU/L and from 7.2±1.35 to 20.8±0.73 IU/L in the fed and starved fish, respectively; values had significantly decreased in fed fish by day 42 (54.5% of the initial value) and in starved fish on days 14 and 42 (38.0% and 65.4% of the initial value, respectively) (p<0.05; Table 3 ). ALT concentrations ranged from 1.67±0.192 to 4.78±0.294 IU/L and from 1.78±0.111 to 5.00±0.289 IU/L in fed and starved fish, respectively; values had significantly decreased in fed fish on days 7, 14, 35, and 42 (40.5% to 64.2% of the initial value) and in starved fish on days 7, 14, 28, and 42 (57.8% to 64.4% of the initial value) (p<0.05). However, the AST and ALT concentrations of the fed and starved groups did not significantly differ at any sampling time throughout the experiment (p>0.05).
No significant variation was observed in plasma glucose of fed and starved fish; the two groups maintained constant mean concentrations of 17.4 and 16.7 mg/dL, respectively (Table 4) . Moreover, no significant differences in plasma glucose were recorded between the two groups at any sampling time throughout the experiment (p>0.05). Cortisol concentrations ranged from 2.67±0.333 to 14.44±3.602 ng/mL and from 2.44±0.444 to 12.33±3.032 ng/mL in the fed and starved fish, respectively; values had significantly decreased in fed fish on day 35 (78.2% of the initial value) and in starved fish on days 4, 7, 14, 28, 35, and 42 (53.1% to 80.2% of the initial value, p<0.05). However, no significant variation in cortisol concentrations was detected between the fed and starved groups at any sampling time throughout the experiment (p>0.05). The effects of starvation on non-specific immune response parameters are presented in Table 5 . The concentrations of plasma lysozyme in the fed group after day 4 (mean concentration of 30.8 units/mL) were statistically similar to the value (32.1 units/mL) observed on day 0 (p>0.05), whereas concentrations in the starved group significantly increased from 31.4±4.26 units/mL on day 0 to 58.7±7.49 to 70.4±9.15 units/mL on day 21 and thereafter (p<0.05). As a result, lysozyme concentrations in the starved group were significantly higher than those in the fed group from day 21 onwards (p<0.01 or p<0.05).
DISCUSSION
Previous studies have reported significant reductions in the body weight of starved fish compared to fed fish in a number of species, including brook trout, Salvelinus fontinalis (Heming and Paleczny, 1987) , coho salmon (Larsen et al., 2001) , European sea bass, Dicentrarchus labrax (Caruso et al., 2011; Chatzifotis et al., 2011) , channel catfish, Ictalurus punctatus (Small, 2005) and European eel, Anguilla anguilla (Caruso et al., 2010) . Similar results were observed in the present study, as starved fish exhibited a significant decrease in body weight, with an 11.9% loss of initial weight after the 42-day starvation trial. Our findings were also consistent with the results of previous studies of olive flounder that monitored fish for 12 weeks after starvation (Hur et al., 2006; . Given the fact that starvation is a major stressor experienced by fish, primary responses to stress can be described as the activation of the neuro-endocrine system through the release of stress-related hormones (cathecolamines and cortisol) in the blood, while secondary responses include hematological and biochemical changes (Caruso et al., 2010) . In the cases of European eel, northern pike, and lake sturgeon, Acipenser fulvescens, both increases and decreases in hematological values have been reported in fish as a consequence of food restriction Ince and Thorpe, 1976; Gillis and Ballantyne, 1996; Caruso et al., 2010) . Nonetheless, in the present study, hematocrit and hemoglobin in the olive flounder did not differ between fed and starved groups throughout the experiment. Similarly, previous studies of olive flounder and red porgy have found that fed and starved fish did not significantly differ in these hematological parameters (Caruso et al., 2012; Park et al., 2012) . However, the patterns of changes in these parameters differed across species throughout the starvation period for each experimental group. Namely, in the present study and in Park et al. (2012) , fed olive flounder exhibited a significant decrease in hematocrit at an early stage and an increase in hemoglobin in starved fish later in the experiment. In contrast, neither fed nor starved red porgy exhibited changes in hematocrit or hemoglobin with time over the entire experiment (Caruso et al., 2012) . Park et al. (2012) suggested that responses to starvation are species specific; the present results provide additional support for this hypothesis.
Pronounced and significant decreases in plasma total protein concentrations have been observed in several starved fish species, including European eel , brook trout (Heming and Paleczny, 1987) , and Senegalese sole, Solea senegalensis (Costas et al., 2011) . Furthermore, in olive flounder starved for 8 weeks, Cho (2009) reported a linear decrease in plasma total protein with a week of starvation; he obtained the following relationship between plasma total protein and starvation: Y (total protein) = -0.13X (week of starvation)+1.54, R 2 = 0.979. The author also indicated that plasma total protein could serve as a good index of the severity of starvation for olive flounder (Cho, 2009) . A similar result was observed in the present study, i.e., plasma total protein concentrations in starved fish significantly decreased with an increase in starvation time, and the values were significantly lower than those in fed fish from day 7 onwards. The relationship between plasma total protein and starvation was also similar to that observed by Cho (2009) : Y (total protein) = -0.03X (week of starvation)+4.02, R 2 = 0.718. Therefore, these results confirm the results of Cho (2009), suggesting a role of total protein as a fuel source in olive flounder.
In the present study, no significant variation in plasma total cholesterol concentration was detected between fed and starved flounder throughout the experiment. Similar to other parameters, results from previous studies regarding the effect of starvation on total cholesterol are conflicting. Increases, decreases, or no change have been reported with equal frequency in fish after starvation (Ince and Thorpe, 1976; Heming and Paleczny, 1987; Chatzifotis et al., 2011) . These varying responses are consistent with the suggestion that the concentration of cholesterol varies depending on the duration of starvation and may exhibit diel patterns (Chatzifotis et al., 2011) .
The AST and ALT concentrations were not affected by starvation in the present study, likely due to high variation in replicates within the same sampling time. Similar results were documented in a study of olive flounder starved for 8 weeks, in which AST and ALT concentrations of the fed and starved groups did not differ throughout the experiment (Cho, 2009) . In that study, plasma AST and ALT concentrations of fed and starved flounder ranged from 11.0 to 28.3 IU/L and from 1.3 to 4.3 IU/L, respectively, and were similar to the values observed in fed and starved flounder in the present study (7.2 to 20.8 IU/L and 1.7 to 5.0 IU/L, respectively). In contrast, Park et al. (2012) reported different findings, i.e., AST and ALT concentrations in olive flounder starved for 4 weeks were significantly elevated by starvation stress, suggesting that starvation places physiological burdens on the liver and spleen. Our results and those of Park et al. (2012) may have differed because factors such as the physiological status of experimental fish coupled with rearing conditions such as water temperature (22°C vs 20°C) and density at the start of the experiment (1.84 kg/ton vs 2.71 kg/ton) differed between the two studies.
Starvation is known to induce different responses in blood glucose concentration, depending on the duration of starvation as well as on species-specific differences in metabolism and the regulation thereof (Caruso et al., 2010) . Reductions in plasma glucose concentrations have been reported in response to starvation periods of 28, 20, and 42 days in some salmonids, including brook trout (Heming and Paleczny, 1987) , chinook salmon, O. tshawytscha (Barton et al., 1988) and rainbow trout, O. mykiss (Farbridge and Leatherland, 1992) . In contrast, a significant increase in glucose concentrations was observed in European eel between 47 and 96 days after starvation . In olive flounder, glucose concentrations of starved fish increased up until 4 weeks compared to fed fish, but after 4 weeks, concentrations decreased to day-0 values . On the other hand, no differences were observed between fed and starved groups of jundia, Rhamdia quelen, after starvation for a period of 21 days (Barcellos et al., 2010) , of European sea bass starved for 97 days (Chatzifotis et al., 2011) , of Senegalese sole starved for 21 days (Costas et al., 2011) , or of red porgy starved for 14 days (Caruso et al., 2012) . In the present study, plasma glucose concentrations in flounder starved from 0 to 42 days remained constant, suggesting that a metabolic reorganization occurred to maintain glucose concentrations without dietary sources. These results are consistent with previous observations (Gillis and Ballantyne, 1996; Costas et al., 2011; Caruso et al., 2012) . These studies emphasized that maintaining glucose concentrations throughout starvation is, in general, particularly important because glucose is an essential fuel for a number of tissues, and the maintenance of glucose concentrations is achieved via increases in glycogenolysis and gluconeogenesis. These responses also reflect, in part, the fluctuating values of glucose concentrations in starved olive flounder at the early stage of the study of Park et al. (2012) .
Plasma cortisol concentrations have been consistently reported to increase in response to starvation or malnutrition in homeothermic species such as mammals (Costas et al., 2011; Caruso et al., 2012) . However, starvation has induced a variety of patterns of changes in teleosts. For example, in chinook salmon and channel catfish, cortisol concentrations of starved fish decreased after starvation compared to fed fish (Barton et al., 1988; Small, 2005) . In contrast, species such as jundia, Senegalese sole, and red porgy exhibited increased cortisol concentrations after starvation (Barcellos et al., 2010; Costas et al., 2011; Caruso et al., 2012) . In addition, other species such as rainbow trout and sunshine bass, Morone chrysops×M. saxatilis, did not exhibit consistent effects (Farbridge and Leatherland, 1992; Davis and Gaylord, 2011) . In olive flounder, Park et al. (2012) reported that plasma cortisol concentrations were high in the fed group at 4 weeks but did not change in the starved group during the 12 weeks of the experiment; eventually, at 4 weeks, the cortisol concentrations of the fed and starved groups significantly differed. Park et al. (2012) did not measure cortisol before 4 weeks of starvation, yet they speculated that cortisol would be significantly higher in starved fish than in fed fish prior to 4 weeks of starvation, as cortisol and its metabolically related products are considered to increase in early stages of starvation stress, allowing rapid adaptation to a life-threatening process. In the present study, however, plasma cortisol concentrations significantly decreased at some point during the experiment in both fed and starved fish, but no significant variation in concentrations were detected between fed and starved groups throughout the experiment. Thus, starvation appeared to have no direct effect on plasma cortisol concentration in the present study.
Because starvation is a chronic stress condition, it can lead to growth inhibition, impaired reproduction, and immune responses (Caruso et al., 2010) . Immunity and antioxidant ability are the most important physiological functions in fish to avoid disease, and changes in these abilities can be observed in fish by monitoring various related indicators. Lysozyme is one important immunity factor used by fish to resist pathogenic infection (Feng et al., 2011) . The enhancement, depression, or stagnation of lysozyme concentration may occur depending on fish species, age, size, and sex of fish, as well as environmental factors (Caruso et al., 2012) . No significant effects were observed in plasma lysozyme levels of European sea bass and red porgy exposed to 31 and 14 days starvation, respectively (Caruso et al., 2011 (Caruso et al., ,2012 . Caruso et al. (2010) reported that starvation stress caused a decrease in the plasma lysozyme concentration of European eel starved for 31 days. In contrast, Feng et al. (2011) reported that the serum lysozyme concentration of juvenile Chinese sturgeon, A. sinensis, generally increased as the starvation time increased. Furthermore, they observed a significant difference in lysozyme levels in juveniles starved for 43 days compared to those starved for 1 to 19 days, suggesting that starvation affected the antioxidant capability of the fish (Feng et al., 2011) . Similarly, in the present study, the plasma lysozyme concentrations in the starved group had significantly increased by day 21 (and thereafter) and were thus significantly higher than the values in the fed group from day 21 onwards. This finding indicates that the nonspecific immunity of olive flounder was maintained fairly well during the starvation period, as suggested by Feng et al. (2011) .
Overall, our data indicate that starvation did not act as a strong physiological stressor for olive flounder, as it did not significantly compromise their health status despite food limitation. In fact, no significant differences were observed in plasma glucose of fed and starved fish, and the two groups maintained constant glucose concentrations during the starvation period, suggesting a compensatory metabolic mechanism. Plasma total protein concentrations were significantly lower in the starved fish from day 7 onwards, suggesting a need for protein as a first fuel source. Furthermore, plasma lysozyme concentrations were significantly higher in starved flounder from day 21 onwards, indicating a non-specific immunity of fish allowing them to maintain fairly good health during starvation. This result confirms that the response to shortterm (less than about 1.5 months) starvation in olive flounder consisted of a readjustment of metabolism rather than the activation of an alarm-stress response.
